Abstract -DIII-D is using its flexibility and diagnostics to address the critical science required to enable next step fusion devices. Operating scenarios for ITER have been adapted to low torque and are now being optimized for transport. Three ELM mitigation scenarios have been developed to near-ITER parameters. New control techniques are managing the most challenging plasma instabilities. Disruption mitigation tools show promising dissipation strategies for runaway electrons and heat load. An off axis neutral beam upgrade has enabled sustainment of high β N capable steady state regimes. Divertor research is identifying the challenge, physics and candidate solutions for handling the hot plasma exhaust with notable progress in heat flux reduction using the snowflake configuration. This work is helping optimize design choices and prepare the scientific tools for operation in ITER, and resolve key elements of the plasma configuration and divertor solution for an FNSF.
INTRODUCTION
The DIII-D National Fusion Facility is a flexibly configured and highly diagnosed tokamak [1] dedicated to exploring the techniques required to optimize the path to fusion energy and their underlying science, for confident projections to future devices. It is the largest US magnetic confinement facility, and has similar configuration (geometry, parameter access) to ITER. Thus a key goal of DIII-D is to ensure the success of ITER by answering critical design and operational issues, and preparing the scientific tools to exploit and understand behavior in ITER. DIII-D also seeks to articulate the broader path to fusion energy by developing the scientific basis for self-sustaining regimes and resolving a compatible plasma exhaust solution. These elements will play a critical role in developing concepts for a Fusion Nuclear Science Facility (FNSF) and, beyond that, a power plant.
As we discuss in this paper, confidence in projecting techniques to future fusion devices rests principally on developing an in-depth understanding of the underlying physical processes. This is the primary focus of the DIII-D program, and recent research to address this challenge is articulated here. In section II we discuss some of the critical challenges for ITER, where our approach rests on exploring and optimizing the science in the most ITER relevant conditions -understanding transport to learn how to optimize performance; developing control of the Edge Localized Mode (ELM); controlling stability to avoid disruptions; and developing effective mitigation techniques when disruptions do occur. In section III we explore longer-range issues, critical for resolving the design of an FNSF, and progression to fusion energy more generally. Thus we discuss progress in development of high performance core plasma regimes, capable of being operated indefinitely. We also explore approaches to deal with the hot plasma exhaust that may otherwise erode material surfaces. These results are presented in the context of articulating the broader strategy and future plans to address the challenge for next step devices. The conclusion is presented in Section IV.
II. PREPARING FOR ITER
DIII-D is developing the physics basis and methodologies required to optimize performance of inductive scenarios for burning plasma operation in ITER and to enhance the confidence in projections of ITER Q=10 performance. Equally, there is a strong need to deliver robust control tools to maintain a burning plasma, and show that these can be integrated in a way that is compatible with high performance. Ideally, this should culminate in scenarios that can exceed baseline operation on ITER, with reduced disruption risk.
A. Developing the ITER Operational Scenarios
A significant proportion of the established physics basis for projection to ITER is based on neutral beam heated discharges with significant momentum input. It is well known that rotation can improve confinement through increased ExB shear [2] and stability [3] , and so recent experiments on DIII-D have aimed to quantify the impact of applied torque and achieved rotation on ITER baseline performance. In particular, to better simulate ITER conditions, neutral beam driven torque was reduced from full co-injection, (~2-3 Nm) to <0.5 Nm. This level of torque is close to the calculated equivalent torque on ITER that is expected to drive comparable levels of rotation, through consideration of the moment of inertia and momentum confinement time [4] . Stable operation was achieved without the need for ECCD stabilization of 2/1 Neoclassical Tearing Modes (NTMs, denoting mode numbers as poloidal/toroidal), which become increasingly problematic in the ITER baseline scenario as the torque is reduced. Specifically, as the torque was reduced, the stable region of dIp/dt and ℓi,start became more restricted, as shown in Fig. 1 [5] . An interesting correlation between the tearing stability and the edge current density has been observed. All of the stable low torque pulses (T < 1 Nm in Fig. 1 ) had j95N,av > 0.50 A/cm 2 , where j95N,av is the flux surface average toroidal current density at 95% of normalized poloidal flux. This is thought to be indicative of a change in profiles near the resonant surfaces modifying stability, now being investigated further. In addition, a reduction in confinement is generally observed as torque is reduced with, for example, the normalized confinement factor H89P reduced by about 15% when torque is reduced from 2.5 to 0.36 Nm. This motivates exploration of methods to recover performance, as we discuss below.
Higher β N regimes are also being investigated as possible alternatives to the ITER baseline scenario. Such scenarios could achieve ITER's Q=10 mission at reduced current and with reduced disruption risk. Recent experiments have demonstrated that Advanced Inductive (AI) discharges with high normalized fusion gain approaching the requirement for ITER Q=10 operation can be accessed and sustained with very low amounts ( <1 Nm) of externally injected torque. These discharges have achieved β N~3 .1 with H 98(y,2)~1 at q 95~4 , and have been sustained for the maximum duration of the counter neutral beams (NBs). In addition, plasmas using zero net neutral beam torque from the start of the discharge to the high β N phase have been created. Similar to the ITER baseline scenario, AI discharges become increasingly susceptible to 2/1 NTMs as the torque is decreased. If these modes are not mitigated, they invariably slow and lock, terminating the high performance phase of the discharge. The use of electron cyclotron heating (ECH) and current drive (ECCD) has proven to be an effective method of avoiding 2/1 NTMs, enabling operation at high β and low torque, which has otherwise proven to be inaccessible (Fig 2) . Energy confinement is degraded even more rapidly at low rotation than in the ITER baseline, with H 98(y,2) reducing from 1.5 with all co-NBI to just above 1 at low torque (Fig 3) . Such changes are well reproduced with the TGLF transport model. Momentum transport is also found to increase at low rotation. Although high normalized fusion performance has been achieved in these discharges, the precise projection of Q~3-5 for the scenario is sensitive to the assumed scaling law, although the most favorable scaling (electrostatic Gyrobohm) would enable essentially ignition if the scenario were extended to ITER's full current capability (15 MA) [6] .
Future studies of the advanced inductive regime will attempt to identify paths for recovering the high confinement levels typical of all co-NBI discharges. For example, increased confinement may be possible by utilizing targeted rotation control, perhaps through the use of non-resonant magnetic fields to generate localized neoclassical toroidal viscosity (NTV). As discussed below, this is thought to be a factor in the favorable confinement at low torque observed in QH mode regimes. More generally, a more careful documentation of the access requirements for achieving high performance in advanced inductive plasmas is needed. Confident projection to ITER will further require a validated model of the anomalous current profile evolution, which is believed an essential ingredient to the advanced inductive regime, maintaining q min above 1.. Studies will also explore whether a different q profile may be desirable for a low torque advanced inductive plasma than its highly rotating counterpart.
Quiescent H-mode (QH-mode) is a promising further alternative to the ITER baseline scenario. This achieves Hmode levels of confinement without the impulsive heat loads resulting from Edge Localized Modes, currently a major concern for ITER. In the past, QH-mode operation has been characterized by large counter neutral beam injection, which leads to large edge rotation shear, thought to play a key role in the ELM suppression. This approach is not feasible in ITER. However, more recently, QH-mode has been sustained using the magnetic torque from non-axisymmetric n=3 magnetic fields, with neutral beam torque ranging continuously from counter-Ip up to co-Ip values of about 1 Nm, and importantly covers the scaled equivalent torque for ITER, as well as zero torque, applicable to RF wave heated plasmas (Fig. 4) . The required n=3 fields for QH-mode operation can be generated by coils located outside the toroidal field, a feature that could dramatically simplify coil design in a burning plasma. Unlike conventional H-mode, QH-mode confinement increases as the torque is reduced, which is correlated with increased ExB shear at the edge of the plasma (despite the overall lower rotation). Experiments conducted in an ITER-similar shape have transiently achieved normalized fusion performance at the level required for ITER Q=10 performance [7] . In the future, experiments will explore extending the duration of the high performance phase of low torque QH-mode to a resistive time. Also, while QH-mode has been sustained using nonresonant fields, at present, the regime has so far been initiated with counter-NBI. Thus a better understanding of the access conditions is required, to develop a low co torque start up. Additional emphasis will be placed on further benchmarking NTV theory, owing to its importance in rotation control for QH-mode, and potentially other scenarios. This will include exploring the collisionality, β and rotation dependences, to enable reliable projection of the associated torque to ITER. This is an essential step in determining whether the NTV torque expected from the perturbative field coils on ITER can drive sufficient rotation shear to enable QH-mode.
The advantages of the QH mode in suppressing ELMs may be related to the Edge Harmonic Oscillation (EHO). This appears to provide a particle transport in the absence of the ELMs. The EHO is speculated to be a saturated precursor to the ELM instability, prevented from the usual explosive growth by the high degree of edge rotational shear observed in these plasmas. This importance of edge rotational shear in destabilizing and saturating the EHO is qualitatively consistent with peeling-ballooning mode theory. However, a better understanding of the underlying EHO physics is needed, including validating its mode structure against calculations from linear and non-linear codes, and verifying the specific rotation requirements for destabilizing and saturating it. Additional flexibility in controlling the 3D spectrum of the applied field, so as to vary the ratio of resonant and nonresonant components, would also be valuable in allowing rotation control in scenarios with low external torque.
For the future, ITER-like baseline regimes are being developed with increasing fidelity to ITER conditions, exploring sensitivity of confinement to electron/ion heating channel and T e /T i using increasing ECH power to substitute neutral beam heating. As well as enabling performance to be optimized in more ITER relevant conditions, crucially, ECH also provides a powerful perturbative tool to explore the transport processes. A planned upgrade to 8.5MW of injected ECH will provide a wide range of T e /T i at the ITER baseline β N (also varying from coupled to decoupled ions and electrons), and extend T e~Ti to high β N with further perturbative transport studies possible over much of this range.
B. Controlling ELMs
One of the most critical challenges for ITER lies in understanding how to control the ELM instability. Unmitigated, this instability is projected to lead to around 20% pedestal energy losses in ITER [8] , whereas tolerable erosion levels are estimated to be less than 1%. As discussed above, a promising approach is the QH mode regime, which intrinsically removes the ELMs. However, further work is needed to confirm the extrapolability of this regime -can the EHO be triggered? Will it still suppress ELM? Thus work must continue to focus on more maintream approaches that can be adapted directly to ITER's baseline regime.
1) Resonant Magnetic Perturbation ELM Control
Recent experiments on DIII-D have revealed new insights into ELM suppression by Resonant Magnetic Perturbations (RMPs) and expanded the parameter range where RMP ELM suppression is observed. These advances provide greater confidence for achieving RMP ELM suppression in ITER and reveal new directions for research to improve plasma performance and enhance understanding of the physical mechanisms for ELM suppression. RMP-ELM suppression has now been extended to ITER baseline-like plasmas with many key parameters close to ITER values (β N , pedestal collisionality, H 98(y, 2) , and significantly, I/aB). Here ELM suppression has been obtained for up to 45 energy confinement times (Fig. 5 ). This result gives increased confidence that ELM suppression is possible in ITER with RMPs, though ITER relevant rotation levels remain a challenge. In addition, operation in predominantly helium plasmas has demonstrated robust ELM suppression. This bodes well for the early helium operation phase of ITER where the demonstration of RMP ELM suppression would provide valuable confidence in control techniques prior to deuterium operation. However, true confidence in extrapolating this technique for both baseline and helium operation rests on understanding the physics mechanism and whether it will project to ITER.
A systematic scan of the edge magnetic safety factor (q 95 ) in ITER Similar Shape (ISS) plasmas with n=3 RMP reveals a narrowing of the width of the pedestal when ELM suppression is observed around q 95 ≈3.5. The width of the pedestal can decrease to 2% of the poloidal flux [9] compared to the normal range of the pedestal width around 4-5% of poloidal flux outside of the window of ELM suppression. This observation suggests that the restriction of pedestal width may be important for ELM suppression. A leading model of the ELM implicates the Peeling-Ballooning (P-B) mode as the primary trigger. The ELM cycle is characterized by a gradual increase in the width and height of the pedestal pressure until the P-B mode is triggered, followed by a relaxation of the profiles and a repeat of the cycle [10] . Thus if the width is prevented from increasing for any reason then the P-B mode will not be triggered and the ELM onset can be prevented. Within this model, the RMP appears to halt the expansion of the pedestal width and hence prevents the P-B mode onset.
An outstanding mystery in this model is how the RMP acts to restrict the width of the pedestal. One hypothesis is that a magnetic island or chain of islands form at the top of the pedestal, enhancing transport in that region and preventing inward expansion of the steep gradient region of the pedestal. [9] . Recent measurements with a newly installed tangential soft x-ray imaging diagnostic reveal structures at the edge of the plasma consistent with resonant kinking of the plasma boundary as predicted by 2 fluid MHD theory (Fig. 6 ) [12] . In contrast, observations clearly disagree with vacuum interpretations of the plasma response. These studies thus indicate a strong resonant plasma response to the RMP, with displacements that may influence the pedestal in various ways. However, efforts to directly measure the presence of an island at the top of the pedestal (a possible logical consequence of the resonant kinking) have proven difficult because the islands are small. Further work is planned with refined X ray imaging and other tools to provide conclusive evidence either way.
Improved understanding of this interaction is important for development of the technique, which presently leads to some confinement degradation at ITER parameters. A further challenge remains extension to ITER relevant rotations, where the incidence of locked modes become more prevalent with application of RMPs. By understanding how to tailor the perturbation to optimize the beneficial effect (ELM suppression), while avoiding detrimental interactions (braking, confinement degradation), these might be overcome.
2) Pellet ELM Pacing
The principal planned technique for mitigating ELMs in ITER is to use small rapid frequency pellets to trigger ELMs. The technique was originally developed on ASDEX Upgrade with entrainment of a series of ELMs to pellet frequency [12] . However, critical questions exist as to whether the required increase in ELM frequency -and decrease in ELM size -can be achieved, and what the minimum size and optimal location of the pellet should be. Encouraging progress has been made on DIII-D with a 3 barrel system delivering deuterium pellets at 60Hz. This has resulted in a twelve-fold increase over the natural ELM frequency (5Hz), and corresponding reduction in divertor ELM heat fluxes (Fig. 7) [13] . This is an important demonstration of two principles. First that it is possible to increase the ELM frequency to a high degree -the plasma does not go into a stable harder-to-trigger regime. Second, that the ratio of ELM to inter-ELM heat loads does not rise, which would limit the benefits of ELM heat flux reduction. These results were obtained in the ITER shape and close to ITER parameters (q95=3.4, pedestal collisionality), and with a poloidal launch location similar to ITER (near X point).
The pellets appear to trigger an ELM before they reach the top of the pedestal. At 1.3mm size, the pellets had no fueling effect and did not impact confinement, but did help reduce core impurity accumulation. Analysis of profile data reveal the pellet ELM pacing narrows the pedestal, increasing stability to peeling ballooning modes. Smaller or slower pellet fragments do not trigger ELMs, consistent with non-linear numerical modeling using the JOREK code [14] , which indicates that the ELM is triggered due to the localized plasma pressure perturbation induced by the pellet. The pellets excite limited numbers of filaments, consistent with the high-n ballooning interpretation in this model. Thus it appears that the pellets trigger ELMs by accessing instability at normally global ELM-stable parameters through localized changes in gradients. Future work needs to focus on further validating these models, particularly with respect to pellet size, as well as extending further to required ITER ELM frequency rises.
C. Addressing the Disruption Challenge 1) Stability Control to Avoid Disruptions
Achieving fuller control for plasma stability remains a particular challenge for ITER operation. Not least, ITER's low rotation is expected to make it more prone to instabilities [15] , while the need to avoid disruptions is much stronger due to the severity of events at the ITER scale. DIII-D is developing a multi-layered strategy to meet this challenge. This starts with reliable passively stable discharges, as discussed in section II.A. In a second layer, control is being developed to help maintain the plasma in a passively stable state through techniques such as current profile control [16] and error field correction. However, if an instability does occur, DIII-D is developing various tools to actively control these.
In 2012, work focused on control of the NTM. To control this mode in ITER, it is planned to use Electron Cyclotron Current Drive (ECCD) to fill a "hole" in the bootstrap current which otherwise drives island growth [17] . There are two challenges for this technique. Firstly, the ECCD must be steered to the appropriate surface. Secondly, the mode must be intercepted before it becomes too large, locks, destroys confinement, and disrupts the plasma. For this second problem, simply applying continuous pre-emptive ECCD would be inadequate, as it uses EC power that is required elsewhere, and it drops the fusion gain, Q.
To meet this challenge real time mirror steering has been developed on DIII-D, coupled to real time MSE equilibrium reconstruction and ECH deposition calculations, and advanced control algorithms. An example (Fig 8, [18] ) demonstrates the resulting "catch and subdue" technique for the most challenging instability, the 2/1 NTM. Here the control system detects a mode, switches on ECCD, and steers the mirrors. The mode initially grows, but as the ECCD comes into alignment with the mode, it is then reduced to the point that it self-stabilizes. For the 2/1 NTM, the catch technique enables interception of modes that cannot be controlled if they are allowed to grow to saturation. For the 3/2 NTM, the technique reduces the required ECCD power to control the mode. Preemptive ECCD uses less power still, suggesting that with more optimization (earlier intercept and more precise targeting), further improvements may be possible.
A range of techniques have been developed to refine targeting of the mode location, enabling the system to sense the optimal position for suppression based on depositions sweeps and measuring mode amplitude. An Electron Cyclotron Emission based technique is also being developed to directly co-locate the ECCD with the island. Further studies will also explore earlier interception of the 2/1 mode with better observers, to lower ECCD power requirements, as well as combining multiple control functions simultaneously.
Looking to the future, this work will combine with other techniques, deploying 3D fields to control and orient instabilities, exploring fast magnetic feedback for high beta ideal MHD instabilities, implementing active stability sensing/prediction, in order to develop the techniques for an integrated stability control system to avoid and respond to 'off normal events' and prevent disruptions.
2) Safely Quenching a Plasma Termination
Should stability control fail, or other events terminate a plasma (such as a failed component), then methods are needed to safely quench the tokamak plasma. There are two critical aspects here: (a) the plasma thermal energy must be dissipated in such a way as to avoid localized melting of plasma facing components, while also avoiding excessive induced forces from the current quench; (b) the likely resulting beam of relativistic "runaway" electrons must be safely quenched. a) Thermal Energy: Thermal energies and vessel forces are expected to be mitigated by massive impurity injection in ITER. Ideally, the entire plasma thermal energy content would be isotropically radiated to the entire wall. In reality, a finite fraction of the energy is radiated, and the spatial and temporal peaking of that radiation may result in wall melting. DIII-D is studying three approaches: (i) Massive Gas Injection (MGI) mitigates thermal loads, but is associated with asymmetries in heat deposition, now being explored by deploying multiple injector locations. (ii) Shattered pellet injection [19] provides a sharp, directed, penetrating impurity stream, similar to a pellet but without posing a danger to the vessel wall. This appears more effective at getting particles into the plasma, but the shattering process needs to be tuned to optimize deposition in the plasma. (iii) Finally, a "shell" pellet system seeks to carry high-Z dust deep into the plasma within a low-Z polystyrene shell to incite the MHD that leads to the thermal quench, potentially leading to more efficient particle delivery and thermal mitigation. This system is being tested this year. For all techniques the focus is on measuring heat load symmetry and tuning for safe current quench rates.
b) Runaways: The growth of runaway electrons scales exponentially with plasma current [20] , so reactor-class devices such as ITER are likely to produce runaway electron beams exceeding 10MA [21] . The localized and deeply penetrating energy deposition of such an intense beam presents a significant challenge for robust design of the first wall [22] . As such, suppressing or mitigating the effects of runaway electron beams is a critical research area for future devices.
DIII-D runway electron research has focused upon understanding the control and dissipation of post-disruption runaway electron beams. By introducing active current and position control after the disruption of a low-elongation, innerwall limited target plasma, long-lived (>600ms), moderate current (300kA) runaway electron beams have been obtained for study [23] . Measurements of the decay of these beams when subjected to a secondary impurity injection (Fig. 9) have shown that the rate of dissipation exceeds that predicted by simple collisional dissipation [24, 25] . Understanding the magnitude, scaling, and physical basis for this "anomalous" runaway electron dissipation is crucial to evaluating the possible suppression or dissipation strategy for ITER.
The most intense interaction between the tokamak wall and the runaway electron beam is during the "final loss" termination of the runaway beam. Prior to this event, the interaction, even when limited against the inner wall, is benign [23] . However, once the beam compresses to a minimal minor radius (~30cm in DIII-D), the beam-wall interaction (as measured by impurity content, radiated power and loop voltage required to maintain RE beam) intensifies rapidly. This sudden onset of intense interaction coincides with images of the bright, narrow visible synchrotron core of the beam touching the wall, suggesting that it is only this narrow region of high runaway energy or high runaway current density that poses a danger to the wall. Once the final loss ensues, it is possible for the magnetic energy of the beam to rapidly convert into runaway electron kinetic energy, greatly enhancing the total thermal energy deposition of the beam [26] . DIII-D data indicates that the effectiveness of this energy transfer decreases as the ratio of the runaway beam final loss current decay time to the wall penetration time decreases [27] . This is a beneficial scaling for ITER, as it will possess a highly conductive wall with long penetration time.
III. THE PATH TO FUSION ENERGY BEYOND ITER

A. Steady State Core
A key mission of the DIII-D program is to develop the physics basis for fully noninductive "steady-state" operation at high plasma pressure. This is strongly motivated by the anticipated improvements in reactor economy and reliability to be gained through continuous operation and the increase in fusion gain with plasma pressure [28] . Steady state scenarios depend heavily on the q-profile, with a compromise between maximizing fusion power (scales as 1/q 2 ) and maximizing bootstrap current fraction (scales as q). Experiments at DIII-D aim to produce discharges with all of the current driven noninductively (f NI =1) for a duration significantly greater than the current redistribution time (τ R ) and with normalized plasma pressure measurements (β N and β T ) at power plant relevant values. This is yielding a predictive understanding of stability, transport and the requirements for heating and current drive systems, which is helping to resolve the means for ITER to meet its Q=5 steady-state mission and the design of future burning devices such as an FSNF or a power plant.
A new off axis neutral beam injector has enabled access to a range of candidate q-profile scenarios on DIII-D (Fig. 10) , exploring the trade-offs in stability and transport as the q profile is varied from negative central shear to a broad region of uniform q to monotonically increasing q, at various q min and q 95 . While most of these scenarios rely on wall stabilization of ideal MHD instabilities, which may require magnetic feedback systems in a reactor, the most peaked current profile case, the high  i , raises the ideal MHD stability limit, avoiding this issue. The strong shear of this regime also results in confinement above the typical level for H-mode.
Recent progress has been made investigating scenarios with elevated q min using the off-axis neutral beam injection. This new capability moves heating and current drive from the center to the mid-radii to produce broader pressure and current profiles with higher q min . This increases the predicted ideal MHD n=1 mode β N limit to >4, providing a path forward to increase the noninductive current drive fraction by operating at higher β N . Quasi-stationary q min =1.4 discharges free of tearing modes have been sustained at β N =3.5 and β T =3.6% for two current redistribution timescales (3 seconds) limited only by neutral beam duration (Fig. 11) . The discharge performance projects to fusion gain Q≈5 in a device the size of ITER. Analysis of the poloidal flux evolution and current drive balance show that even with 25% of the current driven inductively the loop voltage profile is almost relaxed and q min remains elevated near 1.4. These observations increase confidence that the current profile will not evolve to a tearing unstable condition in longer pulse extensions.
The off axis beams also enable stable access to discharges with higher q min ~ 2-3, with weak magnetic shear. These had comparatively lower global energy confinement times (although predicted ideal MHD β N limits were >4), limiting maximum β N to ≈3.3 for available heating power in 2012. Ongoing experiments are seeking to elucidate the causes of the relatively low global energy confinement at the highest q min by making more detailed measurements of fast ion profiles, Alfven eigenmodes, and fluctuations in density, temperature, and magnetic field. Since the normalized global (thermal+fast ion) energy confinement H 89 tends to decrease significantly at the highest q min but the normalized thermal energy confinement H 98(y,2) (computed directly from the measured thermal profiles) does not, it is hypothesized that fast ion transport may be greater at the highest q min .
In addition, the high l i scenario has been achieved transiently with β N >5 and noninductive current fraction f NI =I NI /I P >1 before  i decreases and ELMs or tearing modes reduce β N . Here, a recent experiment demonstrated noninductive overdrive of the plasma current by freezing the Ohmic coil current just before high power was applied. The plasma current then floated to a higher value, indicating the plasma was recharging the Ohmic coil. The primary challenge with this scenario is eliminating the decrease in  i when high β operation produces a large amount of off-axis bootstrap current. Further experiments will test the use of weaker boundary shaping and/or resonant magnetic perturbations to limit the bootstrap current in the H-mode pedestal.
Future work will be facilitated by planned increases to the heating and current drive power, deposition flexibility, and pulse duration. This includes a second off-axis neutral beamline, 8.5MW of ECCD (110-118 GHz). Integrated modeling (self-consistent current drive, bootstrap current, transport and stability) using the FASTRAN code predicts that these upgrades will enable fully noninductive operation in the q min >2 scenario with β N ≈5, and in the high  i scenario with β N ≈4, at reactor relevant β T . The wave-based heating and current drive upgrades will allow testing of potential steady state scenarios with more reactor relevant conditions, i.e. T e /T i closer to 1 and zero input torque. Off-axis helicon heating and current drive (500 MHz) will also be explored as a potentially attractive option for a reactor, due to projections of greatly improved current drive efficiency at large major radius.
B. Mitigating the Hot Plasma Exhaust
A major challenge for future large-scale tokamaks is to limit heat flux to plasma facing components (PFCs) to a tolerable level, at least ≤10 MWm -2 . This challenge is especially significant for FNSF and DEMO where power densities are expected to be a factor of 5-10 greater than for ITER, and the need for quasi-continuous operation requires a cold plasma at material surfaces (<few eV) to avoid erosion. Thus DIII-D divertor and Scrape Off Layer (SOL) research aims to establish the physical basis for the control of this exhaust in future tokamaks, by resolving the underlying physics governing divertor operation and heat flux dispersal. As part of this work, DIII-D is exploring innovative divertor configurations with the potential for heat flux dispersal over a large area, while retaining compatibility with higher performance core plasma operation.
To predict the scale of the divertor challenge, the most fundamental parameter to understand is the width of the channel carrying the heat flux exhausted from the core plasma. Recent international work comparing a number of tokamaks has led to an empirical scaling that predicts a very narrow heat flux width, ~1-2 mm, for ITER [29] . DIII-D is examining the physical mechanisms that play a role using recent upgrades to diagnostics, such as divertor Thomson scattering, and wide angle imaging of plasma radiation and material heat flux. Data are found consistent with a leading candidate to explain the profiles, the Kinetic Ballooning Mode (KBM), with measured midplane separatrix pressure gradient scaling matching calculated MHD stability limits (Fig. 12 ) [30] . DIII-D is also examining other physical mechanisms that play a role in divertor heat dispersal such as plasma neutral interactions, radial and parallel plasma transport, and plasma flows.
As a first step to understanding the physics of an improved divertor configuration, DIII-D is exploring the Snowflake divertor where multiple poloidal field nulls increase poloidal flux expansion and spread the divertor heat flux (Fig. 13) [31] . This has led to greatly reduced peak divertor heat flux (Fig. 14) , in both the inter-ELM exhaust and during ELMs, while maintaining good confinement. Future work will examine the Snowflake's capability of inducing radiative detached divertor conditions for further heat flux mitigation.
Further studies are exploring other elements of the optimization. A radiative divertor has been integrated with high performance 'high q min ' steady state core, without loss of performance. Also divertor leg geometry has been varied to change connection length and toroidal flux expansion in order to increase radiation and help stabilize detachment. These studies have shown the importance of divertor baffle structures to control the critical role of neutral recycling [32] . This broad research program is intended to establish the physics basis for an improved divertor configuration, to be installed and tested on DIII-D in years to come, as a proof of concept for future devices such as FNSF.
IV. CONCLUSION
DIII-D is addressing critical questions for the preparation of ITER, and the basis for a decision on FNSF. In particular, key work on ELMs and disruptions is closing out the remaining design issues for ITER, with significant progress being made in resolving the physics basis of ELM suppression, dissipating runaways, and controlling tearing modes, as well as extending towards more ITER relevant conditions. A deeper understanding is being gained of the transport optimization of ITER scenarios, to guide its path to Q=10. Studies are also exploring the path to fusion energy with new regimes enabled by the off axis beam showing sustained steady state conditions, while divertor studies are quantifying the challenge, resolving physics mechanisms and exploring he physics basis of an improved solution through geometry and radiative changes. These themes will project to the future with increases to 8.5MW ECH power planned to access more burning plasma relevant conditions and explore transport, plus increase beam power and off axis capability to probe high performance steady states. These will be accompanied by further improvement to the 3D field and power supply capabilities, to improve control, isolated physics and optimize techniques for next step fusion devices.
